Photoelectrochemical (PEC) etching is a rapid and inexpensive means of etching GaN, InGaN, and related materials for micro-electro-mechanical systems (MEMS) applications. In this work, we show that bandgap engineering of GaN/InGaN heterostructures can be used to exert substantial control over PEC etching and achieve strain-free cantilevers. A single, 200-nm thick layer InGaN was selectively etched using bandgap-selective PEC etch. We show that the use of highly doped guard layers to confine photogenerated holes uniformly across the InGaN layer enables a uniform, fast, and effective PEC etch. This approach enables complete uniform etching using PEC and could enable many optical and MEMS devices. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4883890] Photoelectrochemical (PEC) etching is a powerful technique used to selectively etch Gallium Nitride (GaN) and related compound semiconductors. 1, 2 This is a very powerful technology as it allows the tuning of the etch selectivity based on the doping levels, 3 the material bandgaps, 4 or the defect densities 5 as well as based on the location 6 and magnitude of the voltage bias applied 7 to the metal contacts deposited on the semiconductor. This technology is attractive as it offers the advantages of reduced ion-damage, fast etch rates, simplicity, and low cost. In PEC etching, material removal from a semiconductor occurs through a chemical reaction involving an electrolyte (the etchant), the semiconductor atoms/ions, and photogenerated holes within the semiconductor, typically produced using an external light source. Manipulating the availability of the photogenerated holes at the reaction site provides a powerful means of controlling the PEC etch selectivity.
In bandgap-selective PEC etching, materials with lower bandgap are etched leaving the higher bandgap materials intact. The use of bandgap-selective PEC etch to selectively etch thin sacrificial InGaN (Indium-Gallium Nitride) layers (<50 nm) while leaving GaN intact to form undercut structures has been reported before, 8 but etching thicker InGaN requires complex superlattice structures to enhance hole confinement within the InGaN layers. 9 Of all the ingredients necessary for the PEC etch to occur, the photogenerated holes are by far the most difficult to control and confine to the reaction sites. While the use of InGaN superlattice as the sacrificial layer helps to address this difficulty and was adopted for fabricating optical devices, 10, 11 alternative approaches to confining the holes more uniformly within the thicker sacrificial layer could enable more uniform, controlled, effective and faster etches. In this Letter, we report on such an alternative approach for a more uniform and effective removal of thick sacrificial InGaN. Although the scheme reported here was developed for the purpose of fabricating laterally undercut GaN microcantilever beams for use as optical waveguides, it can be easily adapted to other situations requiring selective lateral undercutting of GaN with InGaN sacrificial layers. This ability to undercut thicker sacrificial layers is vital to the fabrication of various devices for optical and micro-electro-mechanical systems (MEMS) applications.
The proposed scheme was validated against a minimal, baseline design serving as the "control" stack. The stack incorporating the proposed scheme is referred to as the "test" stack. Figure 1 shows the two material stacks, both of which consist of a 200 nm thick 5% InGaN (3 Â 10 17 cm
À3
) as the sacrificial layer deposited on a GaN-on-sapphire template. The "device" layer is composed of 100 nm each of p-type (5 Â 10 18 cm À3 ), n-type (1 Â 10 18 cm À3 ), and unintentionally doped (UID) GaN deposited on top of the InGaN. Metal contacts deposited on the substrate (Figure 1 ) are used to make contact between the sample and the external platinum counter-electrode. These contacts serve to draw photogenerated electrons away from the sacrificial InGaN to complete the circuit thereby sustaining the reaction.
To understand the effect of intrinsic band-bending on the sacrificial InGaN layer within these two stacks, the equilibrium band-diagrams of the two stacks were numerically calculated and plotted ( Figure 2 ) using a self-consistent 1-D Schr€ odinger-Poisson solver 12 incorporating polarization effects. The shaded region (yellow) indicates the sacrificial InGaN region. In the control stack (Figure 2 More importantly, it is understood that the Fermi-level pinning at the semiconductor-electrolyte interface is positioned such that the energy bands bend upwards in n-type materials and downwards towards the interface in p-type. 13 This band-bending is a key factor in determining whether the material gets etched. This dependence of the semiconductorelectrolyte band-bending on the local carrier density means that there will be a variation in the magnitude and direction of band-bending across the thickness of the sacrificial InGaN in contact with KOH as shown in Figure 3 . Due to this variation it is expected that the PEC should primarily remove InGaN closer to the middle of the layer, but may not effectively remove material close to the top and bottom interfaces (hatched regions in Figures 1(a) and 2(a) ). If this is indeed the case, the resulting microcantilever structure would be as shown in Figure 4 with a layer of unetched InGaN underneath the microcantilever. Additionally, the polarization effect at the InGaN-substrate interface creates a barrier preventing effective electron extraction from InGaN through the substrate electrode. This can further slow down the etch and contribute to incomplete etching of the sacrificial InGaN.
The above issues caused by the variation in the bandbending can be mitigated by engineering the band structure in the InGaN layer without severely impacting the functionality of the other adjacent layers. We introduce two highly n-type (4 Â 10 19 cm À3 ), 10 nm GaN layers sandwiching the InGaN sacrificial layer (unlabeled green layers in Figure 1(b) ). The band diagram for this modified "test" stack is as in Figure 2 (b). These highly doped layers in effect provide sufficient charge to compensate for the interfacial charge due to polarization. This results in a flat energy band in the entire InGaN layer, allowing uniform distribution of holes, with the energy bands aligning with those in the undoped GaN region. The band-bending all across the electrolyte-InGaN interface for this test stack is upwards (as in section B of the control stack) allowing almost all the photogenerated holes to drift to the electrolyte interface to take part in the PEC etch reaction. The highly doped "guard" layers serve the purpose of preventing holes from drifting out of the InGaN layer into adjacent layers while allowing efficient electron extraction across the InGaN-substrate interface. Both of these effects due to the guard layers are expected to enable a more effective and uniform removal of arbitrarily thick sacrificial InGaN layers than previously reported. In such a situation, the only remaining limits on the InGaN thickness will be those imposed by the relaxation concerns during InGaN growth and UV (ultra-violet light) penetration depth.
The epitaxial layers discussed above were grown using N 2 plasma assisted Molecular Beam Epitaxy (Veeco TM Gen930) on Ga-polar GaN/sapphire templates (Kyma, Inc.). InGaN was grown in In rich conditions using a growth model reported earlier.
14 Standard effusion cells for Ga, In, Si (n-type), and Mg (p-type) were used, and an Applied EPI plasma source was used for the N 2 source. Ni/Ti patterns were deposited on both the epitaxial stacks by photolithography, e-beam evaporation, and liftoff. These patterns consisted of large arrays of microcantilevers with a range of widths of 5-40 lm and lengths 100-400 lm. The Ti layer served as etch mask in Cl 2 reactive ion etching to define mesas by etching down to the template layers, exposing the sacrificial InGaN sidewalls. The Ti over the microcantilevers was later stripped in order to improve UV transmission to the sacrificial layer during the PEC etch. Ti/Au electrodes were then patterned on the substrates around the mesas to serve as the biasing contacts to accelerate the PEC etch ( Figure 1) . A 1000W Xe lamp was used to provide the UV illumination for the bandgap-selective PEC. A commercial GaN-on-sapphire template from Saint Gobain TM Crystals (5 lm GaN) was used between the lamp and the samples being etched to block all wavelengths at or greater than the bandgap of GaN so as to protect the GaN layers in the stack from being etched. The test and control stacks were both etched for 30 min in a 1 M KOH electrolyte solution with a þ1 V DC bias applied to the substrate with respect to a Pt counter-electrode. After completion of the etch, the samples were dried and inspected using both a scanning electron microscope (SEM) and an optical microscope. Figure 5 shows representative SEM images of the control stack (without the guard layers) after the PEC etch. The SEM images show a severely curved microcantilever (radius of curvature $40 lm) and cracked and warped anchor areas of the microcantilever caused by severe residual stress gradients in the final structure. Optical microscope images 15 indicate that the etch has not fully undercut and has not completely released the microcantilevers despite the use of 1 M KOH and 30 min etch durations. Among the different causes for residual stresses, linear stress gradient due to sapphire substrate and residual stress due to unetched InGaN are considered most likely and their effects were quantitatively estimated.
We show that the curvature can be attributed to the unetched InGaN. A region of InGaN near the top of the layer (indicated by the upper hatched region in Figure 1(a) ) remains unetched leaving a thin layer of lattice mismatched InGaN attached to the cantilever device above it, as expected from the energy band analysis (Figure 2(a) ). Such a structure bends due to relaxation of the compressive stress arising from the lattice mismatch in this InGaN layer and can be modeled using InGaN as a thin film on a thick cantilever 16 or by treating this configuration as a bimorph actuator with the InGaN as the active layer. 17 Assuming the GaN layer thickness to be 300 nm and the unetched InGaN thickness to be 50 nm, both these approaches give a resultant radius of curvature to be %44 lm, closely matching the observed results.
We believe that residual stress gradients in the GaN layer are not responsible for the curved and cracked cantilevers. Approximating such a stress gradient to be linear, the relationship between the gradient and the resultant residual curvature can be analytically modeled and yields a stress gradient of 5.3 GPa/lm (corresponding strain gradient % 1%/lm), which are unreasonably high for GaN-on-sapphire and much greater than those reported elsewhere. 8 The absence of any unetched InGaN in the fabricated microcantilever is therefore critical to achieving strain free cantilevers.
The proposed guard layers help to reduce the residual strains by enabling complete, uniform removal of the stressed InGaN layer. Figure 6 shows SEM images of the PEC etch results on the test stack. In contrast to the control stack, the microcantilevers on the test stack have relatively minor residual curvatures and no cracking or warping of the anchor areas. In addition, optical microscope images 15 reveal that the microcantilevers are completely undercut, unlike those on the control stack. This indicates that there is indeed some residual InGaN left unetched under the microcantilevers in the control stack and it is truly responsible for the residual curvatures and cracking, as hypothesized in the earlier paragraphs. The minor residual curvatures seen with the use of the test stack are comparable to those reported elsewhere 8 and are attributed to linear stress gradients due to sapphire and the metallization. These results also strongly suggest that the sacrificial InGaN layer was almost completely removed, proving the effectiveness of the proposed guard layers.
In summary, a simple, efficient means of complete, uniform and selective removal of thick, homogenous InGaN layers of uniform composition by bandgap-selective PEC etching have been developed based on an understanding of the effect of polarization and energy band structure on the PEC etch technology. The lack of substantial residual curvature/cracks and complete removal of sacrificial InGaN under the microcantilevers serve to show how bandgap engineering can be used to dramatically improve PEC etching. Additionally, this report reaffirms the importance of the energy band structure of the epitaxial stack in the PEC etch process and not just the energy gap of the sacrificial layer. The work described here could enable a variety of optical and mechanical devices based on the III-nitride semiconductors.
